abstract: Understanding how DNA is packaged in the mammalian sperm cell has important implications for human infertility as well as for the cell biology. Recent advances in the study of mammalian sperm chromatin structure and function have altered our perception of this highly condensed, inert chromatin. Sperm DNA is packaged very tightly to protect the DNA during the transit that occurs before fertilization. However, this condensation cannot sacrifice chromosomal elements that are essential for the embryo to access the correct sequences of the paternal genome for proper initiation of the embryonic developmental program. The primary levels of the sperm chromatin structure can be divided into three main categories: the large majority of DNA is packaged by protamines, a smaller amount (2 -15%) retains histone-bound chromatin and the DNA is attached to the nuclear matrix at roughly 50 kb intervals. Current data suggest that the latter two structural elements are transferred to the paternal pronucleus after fertilization where they have important functional roles. The nuclear matrix organization is essential for DNA replication, and the histone-bound chromatin identifies genes that are important for embryonic development. These data support the emerging view of the sperm genome as providing, in addition to the paternal DNA sequence, a structural framework that includes molecular regulatory factors that are required for proper embryonic development.
Introduction
The paternal genome in mammalian spermatozoa is condensed in a manner that is specific to the cell type presumably to protect the DNA during the transit from the male to the oocyte prior to fertilization. The existence of this unique chromatin packaging has important consequences for both the development of improved diagnostics for medical infertility and for the study of higher order DNA structures in the field of cell biology. Infertility researchers are interested in understanding sperm chromatin structure in order to determine how to best interpret assays for DNA integrity, which affects the outcome of assisted reproductive technologies (ART) (Agarwal and Said, 2003; Evenson and Jost, 2000; Morris et al., 2002; Sakkas et al., 2002; Tomsu et al., 2002; van der Heijden et al., 2008) . Cell biologists view the unique structure of mammalian sperm chromatin as an important model for how DNA is folded by cells into different functional domains (Adenot et al., 1997; Ajduk et al., 2006; Blow et al., 1989; Derijck et al., 2006; Haaf and Ward, 1995; Yamauchi et al., 2009) . The different endeavors in these two areas of research are mutually supportive. This review summarizes the recent advances in the field, and highlights some of the implications of these new findings for infertility and cell biology. Mammalian sperm chromatin can be divided into three major structural domains: (1) the vast majority of sperm DNA is coiled into toroids by protamines (Hud et al., 1995) , (2) a much smaller percent remains bound to histones (Adenot et al., 1997; Churikov et al., 2004; Gineitis et al., 2000; Hammoud et al., 2009; Pittoggi et al., 1999) , and (3) the DNA is attached to the sperm nuclear matrix at MARs (matrix attachment regions) at medium intervals of roughly 50 kb throughout the genome (Martins et al., 2004; Nadel et al., 1995) . Recent data suggest that these domains are related to different functions. This review first discusses each of these structural domains, then concludes with implications of these findings for infertility and cell biology research. While many questions have yet to be resolved with respect to even the most basic structure of sperm chromatin, recent findings suggest that some important principles about the relationship of sperm structure and function can now be drawn.
New developments

Protamine-bound sperm chromatin
The vast majority of mammalian sperm chromatin is compacted into toroids that contain roughly 50 kb of DNA (Hud et al., 1993; Hud et al., 1995; Brewer et al., 2003) (Fig. 1A) . Protamines have large tracts of positively charged arginine residues that neutralize the negative phosphodiester backbone of the DNA (Balhorn, 1982) . This neutralization mimics that of divalent cations that can also cause DNA to form similar toroids with similar amounts of DNA (Hud and Vilfan, 2005) . This condensation is so complete that most of the DNA is hidden within the toroid (Vilfan et al., 2004) . This component of the sperm DNA exists in semi-crystalline state and is resistant to nuclease digestion (Sotolongo et al., 2003) . Mammalian protamines also contain several cysteines that are thought to confer an increased stability on sperm chromatin by intermolecular disulfide cross-links. Sperm DNA cannot be decondensed in vitro without reducing reagents (Perreault and Zirkin, 1982; Ohsumi et al., 1988; Balhorn et al., 1991) , and the disulfide cross-links increase as the sperm cells transit the epididymis after they exit the testis.
The protection that protamine binding provides to sperm chromatin was demonstrated unintentionally by an experiment in which mouse sperm were briefly sonicated before microinjection into oocytes (Kuretake et al., 1996) . The sonication was used to separate sperm heads from the tails, and the heads were then injected into ooctyes. The fertilized oocytes developed into live born pups, indicating that the sonication did not significantly damage the sperm DNA. Even the mild sonication that was used in these experiments would be enough to introduce a few DNA breaks in somatic cell chromatin. Such treatment of somatic cells causes so many breaks in the histone-bound Figure 1 Three major structural elements of sperm chromatin.
(A) During spermiogenesis, histones are replaced by protamines, condensing the DNA into tightly packaged toroids. Each protamine toroid is a loop domain (part A of this figure is modified from a similar figure published in Ward, 1993) . (B) Protamine toroids may be organized by stacking side to side. Recent evidence suggests that some large tracts of DNA retain histone (green solenoid). These may be entire loop domains that are not condensed by protamines. (C) The DNA strands that link the protamine toroids are nuclease sensitive, and may be bound to histones, as well. MAR, matrix attachment region chromatin that the cell does not survive. This experiment supports the hypothesis that the evolutionary pressure that resulted in this unique type of condensation was the protection of the paternal genome during fertilization.
It is important to note that protamines are found only in mature spermatozoa, not in any other cell type. The other two types of structural domains of sperm chromatin, histone-bound chromatin and MARs, are both found in somatic cells and can be presumed to be residual from the sperm progenitor cells from which spermatozoa are produced (this concept is detailed below). Protamine toroids are unique to the mature sperm cell. Thus, this most common structural domain offers an important boundary for understanding sperm chromatin.
Another important aspect of this, largest structural domain of sperm chromatin is that its major function is almost certainly only for fertilization, and not for embryonic development. Protamine binding also silences gene expression during spermiogenesis (Martins et al., 2004; Carrell et al., 2007; Rathke et al., 2007) , but its role during fertilization and beyond is probably protective. Three separate lines of evidence support this contention. First, protamines are completely replaced in the first 2-4 h after fertilization by histones so that the paternal chromatin has the same accessible chromatin as all other somatic cells (Kopecny and Pavlok, 1975; van der Heijden et al., 2005; Ajduk et al., 2006) . Second, as mentioned above, sperm chromatin is resistant to much greater mechanical disruption than somatic cells, supporting the protamines' role in DNA protection. Finally, when round spermatids, the first haploid cell type resulting from spermiogenesis, were injected into mouse oocytes, pups developed normally (Ogura et al., 1994) . Since round spermatids do not have any protamines, one can conclude that this level of sperm chromatin structure is not required for proper embryogenesis. As we shall see, this is not true for the other two levels of sperm chromatin structure. The structural organization of both histone-bound chromatin and sperm MARs are probably transmitted to the newly formed paternal pronucleus after fertilization and evidence suggests that both are required for proper embryogenesis.
Finally, the major unanswered question of protamine-bound chromatin structure concerns the secondary organization. Mudrak et al. (2009) have provided evidence that the protamine toroids are stacked side to side like a package of lifesavers (Fig. 1B) . This model is the most efficient form in which the protamine toroids could be condensed into a highly protective chromatin. Variations of this theme are certainly possible, for example the protamine 'lifesaver' chromatin might be compacted so that two adjacent lines of toroids are aligned together with alternating toroids on the same chromatin being packaged in one line (Mudrak et al., 2009) . This is an interesting area of sperm chromatin research that still needs investigation. However, from a functional standpoint, the condensation of this DNA into the crystalline-like toroids already infers the most important functional characteristics of protamine-bound sperm DNA-that it is unlikely to be active until after decondensation in the oocyte, and that it serves a largely protective function during fertilization.
Histone-bound sperm chromatin
Depending on the species and the experiment used to quantify it, between 2 and 15% of mammalian sperm chromatin is bound to histones, rather than protamines (Bench et al., 1996; Adenot et al., 1997; Pittoggi et al., 1999; Gineitis et al., 2000; Churikov et al., 2004; Hammoud et al., 2009) . Three important questions regarding sperm histones have recently been addressed.
The first question was whether sperm histones are associated with specific sequences within the sperm chromatin, or positioned randomly within the chromatin fiber as the result of incomplete protamine deposition. This idea was first approached in 1987 (Gatewood et al., 1987) , but has been more completely defined by two other laboratories. One group initially focused on the protamine gene locus of human sperm that spans 28 kb flanked by two MAR regions (Wykes and Krawetz, 2003) . This entire region seems to be preferentially associated with histones in human spermatozoa, but does contain some protamine-associated DNA, as well. The same group recently surveyed the entire human genome, and concluded that histones were interspersed throughout the genome, primarily at gene promoters (Arpanahi et al., 2009) . A separate group performed a similar study and concluded that entire gene families that were important for early development were preferentially associated with histones in human spermatozoa (Hammoud et al., 2009) . The work from both groups indicates that histones are non-randomly distributed in the sperm genome, and are associated with specific genes.
The second, related question was how were these histones distributed-were they interspersed throughout the sperm genome or were they located in discrete regions of the chromatin? The data described above (Arpanahi et al., 2009; Hammoud et al., 2009) suggest that histones are present in two types of distribution-in relatively large tracts of DNA, from 10 to 100 kb, and in smaller tracts of DNA interspersed throughout the genome. This has important implications for the structural organization of sperm chromatin, because if histones were distributed at regular intervals throughout the genome they might be part of a repeating unit of sperm chromatin structure. For example, we had proposed that histone-bound DNA made up the linker regions between each protamine toroid in the chromatin fiber, because these were the regions that were most nuclease sensitive (Sotolongo et al., 2003) . The data referenced above, showing that histone-bound segments of DNA are scattered throughout the paternal genome, largely at gene promoter regions (Arpanahi et al., 2009) are consistent with this model.
Finally, a third important question concerning histone-bound DNA in sperm chromatin was whether sperm histones are transmitted to the developing embryo. Shortly after fertilization, the protamines in sperm chromatin are replaced with histones supplied by the oocyte (Kopecny and Pavlok, 1975; van der Heijden et al., 2005; Ajduk et al., 2006) , but in those regions where histones are already present in the sperm DNA this may not be necessary. van der Heijden et al. (2006) and van der Heijden et al. (2008) demonstrated that histones with specific modifications in the sperm cell are also present in the paternal pronucleus, suggesting that they were never replaced. The transmission of sperm histones, and the associated chromatin structures, suggest it is possible that the newly fertilized oocytes inherits histone-based chromatin structural organization from the sperm.
The data currently support a model for histone-associated chromatin representing functional genes for both spermiogenesis (possibly representing residual active chromatin that persisted through chromatin condensation) (Martins and Krawetz, 2005; Ostermeier et al.,
2005) and for early fertilization (Arpanahi et al., 2009; Hammoud et al., 2009) . Moreover, some of these histone-associated sperm chromatin structures may persist during the structural reorganization of the paternal chromatin when the sperm nucleus decondenses to form the paternal pronucleus.
Matrix attachment regions
In both somatic (Vogelstein et al., 1980; Gerdes et al., 1994; Dijkwel and Hamlin, 1995; Linnemann et al., 2009 ) and sperm nuclei (Ward et al., 1989; Kalandadze et al., 1990; Moss et al., 1993; Choudhary et al., 1995) chromatin is organized into loop domains that are attached every 20-120 kb in length to a proteinaceous structure termed the nuclear matrix (Fig. 1A) . This organizes the chromatin into functional loops of DNA that help regulate DNA replication (Vogelstein et al., 1980; Gerdes et al., 1994; Dijkwel and Hamlin, 1995) and gene transcription (Cockerill and Garrard, 1986; Nelson et al., 1986; Choudhary et al., 1995; Ostermeier et al., 2003) . This loop domain structure is present throughout the entire sperm chromatin even though the tertiary structure of most of the DNA is very different in spermatozoa (Fig. 1A) (Ward et al., 1989) . We have provided evidence to support the hypothesis that each protamine toroid contains a single DNA loop domain (Fig. 1A) (Ward, 1993; Sotolongo et al., 2005) . Between each protamine toroid, is a nuclease sensitive segment of chromatin we term the toroid linker, which is also the site of attachment of DNA to the nuclear matrix, or MAR. While it is impossible to predict the size of these linkers with the present data, we would not expect them to be larger than 1000 bp, which is about 2% of the size of the toroid, itself, since 98% of mouse sperm chromatin is associated with protamines (Bench et al., 1996) . The nuclease sensitivity suggests that these protamine linker regions are bound by histones (Fig. 1C) , and this is consistent with the wide distribution of histones throughout the genome (Arpanahi et al., 2009) . Thus, the organization of sperm DNA into protamine toroids and by the nuclear matrix is directly linked.
Several pieces of evidence support a functional role for the sperm nuclear matrix in the function of the paternal genome during early embryogenesis. Spermatozoa with structurally disrupted sperm nuclear matrices do not support embryonic development after ICSI unlike those with intact matrices (Ward et al., 1999) . To test the role of the sperm nuclear matrix organization directly, it is experimentally possible to remove the other two types of sperm chromatin organization-protamine condensation and histone-bound nucleosomes-by treatment with high salt and reducing reagent. This treatment leaves only the sperm nuclear matrix with associated loop domains attached and the resulting nuclei are called sperm nuclear halos (Nadel et al., 1995; Kramer and Krawetz, 1996) . When sperm halos were injected into oocytes, pronuclei formation was normal and DNA replication proceeded (Shaman et al., 2007) . This was true even when up to 50% of the DNA that was not attached to the matrix was removed by restriction endonuclease treatment. DNA, alone, injected into oocytes did not form pronuclei nor did the DNA replicate. However, when the MARs are reversibly cleaved by Topo 2b, the paternal DNA is degraded at the time of the initiation of DNA synthesis 5.5 h after ICSI (Yamauchi et al., 2007a (Yamauchi et al., , 2007b . Oocytes injected with intact sperm halos did not develop to the blastocyst stage (unpublished data) suggesting that while the organization of DNA into loop domains by the sperm nuclear matrix is required for DNA replication, it is not sufficient for development.
These data suggest two roles for the sperm nuclear matrix. First, the proper association of DNA to the nuclear matrix is required for paternal pronuclear DNA replication in the one-cell embryo. Second, the sperm nuclear matrix may act as a checkpoint for sperm DNA integrity after fertilization.
Sperm chromosomes
Although not one of the three structural elements on which this review is focused, a review of sperm chromatin structure must include a brief discussion of the least understood element, the higher order structure of the chromosomes. There are many models for mitotic chromosomes and, while important differences exist, there is general agreement on the basic folding pattern of the DNA (Pienta and Coffey, 1984; Boy de la Tour and Laemmli, 1988) . The higher order structure of chromosomes in interphase somatic cells is much less well understood, partially because it is much less uniform. However, it is clear that the DNA is bound to histones in nucleosomes that are in various stages of condensation or openness, depending on their function (Grewal and Elgin, 2007; Kloc and Martienssen, 2008) . Mammalian sperm chromosomes fall into a third category in that they are most likely relatively homogenous in structure, but are probably longer and thinner than mitotic chromosomes (Haaf and Ward, 1995) . Zalensky et al. have elegantly demonstrated that mammalian sperm chromatin of all species tested are folded into hairpin-like structures with the centromeres positioned near the center of the sperm cell with the telomeres of each chromosome paired and arrayed around the periphery of the sperm nucleus Churikov et al., 2004; Solov'eva et al., 2004) . They also demonstrated that individual chromosomes are partitioned into territories that do not overlap (Mudrak et al., 2005; Zalensky and Zalenskaya, 2007) . Beyond these facts, models for the higher order structure of sperm chromatin are lacking. Understanding how sperm chromosomes are folded would provide unique insights into the structure of somatic cell chromosomes.
Implications
Even though the current status of our knowledge of mammalian sperm chromatin structure lacks many specifics, it does allow us to draw some important conclusions for both medically oriented infertility research and the more basic cell biology questions that employ sperm chromatin as a useful model. Foremost among these is the evidence that supports the conclusion that, of the three types of sperm chromatin structure discussed, two are inherited by the embryo and are probably required for proper development (Fig. 2) . This has two important implications. For human infertility research, it suggests that methods to manipulate spermatozoa for ART should be developed that maintain the integrity of the sperm chromatin structure, as well as taking into consideration the integrity of the paternal DNA.
The second implication relates to the use of mammalian sperm chromatin as a model for eukaryotic DNA packaging. The complex nature of mammalian sperm chromatin structure allows us to separate functional domains of chromatin, and to understand more about the nature of somatic cell chromatin because of these functional differences. Mammalian sperm chromatin presents an interesting model for eukaryotic chromatin, and for studying the function of the nuclear matrix, in particular, because most of the DNA is condensed into chromatin that is difficult to decondense. Only what is thought to be the most active part of any cell's chromatin, the attachment to the nuclear matrix, required for DNA replication, and important genes for development, is left associated with histones. Thus, the sperm cell has already fractionated the chromatin, naturally, into inactive and active chromatin by condensing most of the DNA with protamines.
The data reviewed above are consistent with a model for higher order sperm chromatin structure as depicted in Fig. 1C . As discussed above, at least one group has provided evidence that protamine toroids might be stacked side to side (Mudrak et al., 2009) . We have presented evidence that each protamine toroid is one loop domain, with nuclease sensitive regions that link each toroid (Sotolongo et al., 2003) . The newer data on sperm histone-bound chromatin suggest that in humans at least a portion of this is present in large, loop-sized tracts of DNA. This suggests that some DNA loop domains may escape protamine condensation altogether (Fig. 1B) . The fact that sperm chromatin can survive sonication (Kuretake et al., 1996) suggests that those loop domains that remain bound to histones are also protected. This would be conceivable if each histone-bound loop was packaged between the more stable protamine toroids (Fig. 1B) . As discussed above, the data suggest that the structural organization of the histone-bound chromatin and the MARs of the sperm cell are inherited by the paternal pronucleus after fertilization (Fig. 2) . Both of these structural elements of sperm chromatin are associated with different functions in the embryo. In the case of MARs, it is clear that the embryo cannot develop past the first cell cycle without proper organization by the nuclear matrix (Shaman et al., 2007) , and it is likely that the histone-bound sequences are Figure 2 Inheritance of sperm chromatin structural elements by the embryo. DNA in round spermatids is packaged by histones (top) but during spermiogenesis, most of these are replaced by protamines (middle, red). After fertilization, the protamines are removed, and histones supplied by the oocyte replace them (bottom, light green). However, some histones that were retained in the spermatozoon (middle, dark green) are probably retained in the newly formed paternal pronucleus after fertilization. Sperm nuclear matrix attachment regions (MARs) are probably retained in the paternal pronucleus as well.
just as important for later embryonic development (Arpanahi et al., 2009; Hammoud et al., 2009) .
Many of the recent advances in this field arose from the fact that the three types of sperm chromatin structure can be biochemically fractionated. Sperm halos that are devoid of both histones and protamines can be prepared by extraction with high salt and reducing reagent (Ward et al., 1989; Kalandadze et al., 1990; Kramer and Krawetz, 1996) . The only chromatin structural element these halos retain is the organization of DNA into loop domains at the MARs. Histones can be selectively removed by salt extraction without reducing reagents (Gatewood et al., 1990) , leaving behind the protamines and matrix attachment regions intact. This is a particularly intriguing area for future studies as it provides the experimental opportunity to determine the real function of histone retention in mammalian spermatozoa.
These data support an emerging view that sperm nuclei provide much more than half the genetic make-up of the newly fertilized embryo-it presents its DNA in a structural context that is required for the embryo to access the paternal genome in a proper sequence of events.
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